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BRIDGING THE GAP BETWEEN SiNECTOfi HYRWWLXCS AND CONIBUSTIQN 
PHENONlEMA IN LIQUID PROPELLANT ROCKET EEINESL 

J a c k  Ha Rupe 

ABSTMCT 

The non--active properties of the sprays produced by a s i n g l e  

p a i r  of impinging j e t s  are  u t i , l i ze$  a s  %he b a s i s  fe r  the design of 

several rocket iMectors  a$ the 20,000 pound thrust level, 

designs a r e  predicated upon the assumption t h a t  tho ss d i s t r i b u t i o n  

and mixture-rat io  diszribution a r e  t h e  s i g n i f i c a n t  parameters i n s o f a r  

as combustion i s  concerned, and further t h a t  these properties may be 

These 

cont ro l led  through proper injector design, The design criteria a r e  

presented in soire d e t a i l ,  and the resul ts  of the performance e v a l u a t i o n  

of these  severa l  i n j e c t o r s  are presented, 

1 ,, IPSTRODWTION 

For many years  t h e  unpredictable combustion phenomena encountered 

i n  l i q u i d  propel lan t  rocket  engines h a w  been associated with t he  

inject ion system, Y e t  t he  mechanism that cont ro l led  these i n t e r -  

ac t ions  has not been defined, It was therefore  the  combination of a 

d e s i r e  to define such a mechanism and the conviction t h a t  t h e  p ~ ~ b l e m  

could a t  l e a s t  i n  p a s t  be resolved w i t h  adequate knowledge of the 

hydrodynamic properties sf the in jec ted  fluids that l ed  the Jet 

Propiilsion Laboratory i n t o  an inves t iga t ion  of the non-reactive 

'This paper presents  the r e s u l t s  of one phase of research 
carried out a t  the Jet Propulsion Laborator ies ,  Ca l i fo rn ia  Institute 
of Technol.ogy, under Contract NASw-4, sponsored by t h e  Nat iona l  
Aeronautics and Space A&ninistra$fon, 



proper t ies  of sprays and j e t s ,  

divorced i t s e l f  from c o a u s t i o n  paoblems it was based upon the 

implicik assumption that i t s  s i g n i f i c a n t  results could be applied 

to a reac%ing system, These non-reactive studges were based upon 

the assumptign that the r e a l l y  s igni f icank  in jec tor  furmc"cons aust 

ificlude the production of controlled, predictable, ana prssueaably 

stable spray prope r t i e s  i n  the pre-reaction zona! of a co&ustion 

Although this program purposely 

chamber, Obviously since the i n j e c t o r  itself does not enter into 

the  reac t ion  ids geometry is i n s u f f i c i e n t  for correlation w i t h  

combustion b u t  must f i r s t  be related to the spray properties that 

a given geometry will produce, A subsequent c o r r e l a t i o n  is then 

necessary to correlate spray c h a r a c t e r i s t i c s  and c 

phenomena, It i s  noted t h a t ,  conceptually a t  l easto  there are an 

i n f i n i t e  n u d e r  of injectss: geometries that can produce a g i v e n  mass 

and mixtuxe-ratio d i s t r i b u t i o n ,  whereas i n t u i t i o n  suggss%s t h a t  a 

given se t  of combustion proper t ies  are uniquely related t o  a g iven  

mass and nixtrare-rat io  distribution, 

First efforts t o  demonstrate the feasability of this l a t t e r  

*correlation have been based upon the  further assumption t h a t  those 

spxay p r o p e r t i e s  produced by a given injector geo etsy are  a l s o  

achieved by propellants in jec ted  with the same configuration; i ~ t o  an 

operat i f ig  combustion chamber, Although it is reasonable to expect 

that combustion will effect such sprays to so ciegree, the f a c t  

remains %hat  these effects are simply add i t iona l  variables and se rve  

only to modify the d e t a i l e d  requirements of the properties produced 
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by the i n j e c t o r .  Thus i n j e c t i o n  i n t o  a combustion envi=.ortsnent does 

not a l t e r  the r e q u i r e m n t  that the s i g n i f i c a n t  i n j e c t i o n  parameters 

must be known q u a n t i t i e s  t h a t  are s table  and pred ic t ab leo  

It has already been h d i c a t e d  t h a t  of the  severi l  spray charac-  

t e r i s t i c s  t h a t  could be studied only mass d i s t r i b u t i o n  and mixture- 

ratio distribution have been considered significant for this first 

evaluat ion.  Mass distribution ( a c t u a l l y  axial-miss-f3aw-rate 

d i s t r i b u t i o n  f o s  a cylindrical chamber wj-th one-dimensional flow) i s  

included since i.E; d r f f m s  the re la t ive  concentrat ions and presumably, 

on an absolute sca leo  should define the ~ a x i ~ u ~  t o l e r a b l e  concen- 

tlcations f o r  any g iven  propellant coembination, It provides a h s i s  

for achieving uniformity i n  concentrations and hence axial ve loc i t i e s  

in a typical  charnbes, Mixture-ratio d i s t r i b u t i o n  i s  simply a measure 

of the d e c ~ ~ e e  of mixing achieved by the  injection processes, Pre- 

sumably the ideal situation Prom a chemical viewpoirit i s  a t t a i n e d  when 

a predetermined mixture r a t i o  (i.,e., 

i s  achieved din a molecrrfar scale in a minimum t i m e  and/or space. 

most applications however it 5s probable tha% the  required scale of 

mixing is substantially coarser than molecularo It i s  noted t h a t  t he  

choice of these parameters a s  t h e  more s i g n i f i c a n t  ones w a s  somewhat 

peak performance or its equivaient)  

For 

arbitrary and should not imply t h a t ,  a t  l e a s t  i n  c e r t a i n  casesp a 

spray property such as drople t - s ize  distribution might not be e v m  

more important. 

The overal l  performance of a rocket motor must of course be 

re lated to the proper t ies  of t h e  complete i n j e c t o r .  

instances where the i n j e c t o r  i s  a composite of a number of essentially 

identical elements then the proper t ies  of t h e  element can be used 

However in those 
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c o n s t r i c t  these gross c h a r a c t e r i s t i c s .  In pzactice it Is this ha-tter 

procedure t h a t  i s  utilized f o r  obtaining a prescribed i n j e c t i o n  

pattern (ieea, mass dljistribution), 

“organizes the mass d i s t r i b u t i o n  of a number of sml.1 eleroents to 

conform t o  a p a r t i c u l a r  chamber geometry than it i s  to fabricate 

suitable chamber boundaries to suit t h e  mass distrlbution of a small 

nimber [i*e. I one or two) of elements. Previous experimental earidenee 

a l s o  tends to s u b s t a n t i a t e  the  idea that apprecfable ers of small 

elements also a s s i s t  in achieving the required overall-spray 

p r o p e r t i e s  

In most cases  it is siapker ea, 

II 0 NOM-WACTIE SPR4Y S‘TUDXES 

The various types of injectm elements (i,eo, the smallest sub- 

d i v i s i o n  from ‘which desigr? combustion processes could be expected) 

which have been u t i l i z e d  as the  basis f o r  i n j e c b r  design have included 

only a f e w  for  which any appreciable amount of hydrodynamic in5oPma“tion 

is ava i l ab le ,  I n  p a r t i c u l a r  these include the hollow-cone spray which 

has been studied extensively for appl ica t ions  in gas-liquid co 

and the unlike-on-unlike impinging-stream spray. This l a t te r  element 

has been studied by Heialman and Hzamphreys (Ref, 1) of XACA (cf. R e f ,  I) 

and Norwan 1, Ryan of FdET ( c f ,  Refe 2) as we11 as o t h e ~ s  and was 

chosen as the b a s i s  f o r  i?. ra ther  ex tens ive  s tudy  at JPL because of its 

relative simplicity, i t s  wide applicability t o  b ip rope l l aa t  r o c k e t  

systems 

mixing of the two components on the scale required to support combustion 

in a near minimum time., The results of these studies have  been 

and because it promised a means of achieving intimate physical 
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presented from 'time t o  time in the bimonthly Laboratory Publications 

and in particular in Refs, 3 and 4, In addi t ion ,  at least inso far  

a s  t he  mass-distribution data are c~bl~eraed, same of the earliest 

irn5oarziation was zepor-ted in Ref .  5. 

arily repeated here. However in order to provide a b a s i s  for i n t e r -  

preting the spray properties ich are to be discussed, and in an 

attempt t o  g i v e  physical s i g n i f i c a n c e  to the terms mass distribution 

and mixture-ratio d i s t r i b u t i o n  a very brief r ev iew of the experi  

These data will not be umecess- 

phases 0% this work is probably j u s t i f i e d .  

Figure P is a collection o€ photos which shows first as part 

(a) an artists concept of the seve ra l  more b a s i c  injector elements. 

Although there are  cer tain obvious differences it is important %o 

note that the prime objec t ive  Ln every case is to achieve  some degree 

of controlled mixing with a particular distribution, and f u r t h e r ,  tha% 

in every case the element depends upon the hydrodynamic proper t ies  

of free l i q u i d  sheets or j e t s  Lo aGCOmpli5h this objective, 

C Q ~ ~ ~ Q J .  of these properties is prerequisite t~ the con t ro l  of mass 

and mixture-ratio distributions,  It shslaid also be noted a% this 

Thus the 

point that once the required groperties of an injector spray have 

been defined, any or a l l  of such elements could be u t i l i z e d  t o  achieve 

those requirements. 

unlike-on-unlike i irag3.q streams have been evaluated in some J e t a i l  

And it is only because the psloperties 0% the 

t h a t  t h i s  element was chosen a s  the basis for addi t iona l  i n v e s t i g a t i o n ,  

Figure lb shows two views of a spray p r ~ d ~ ~ e d  by impingement oE 

It i s  noted t h a t  the bulk of a p a i r  of nearly i d e n t i c a l  water j e t s .  

the spray is concentrated about a wresultan.f:  mornenturn line" and has 

(at least in this case of i den t i ca l  j e t s  with equal momenta) a n e a r l y  
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e l l i p t i c a l  c ros s  sect ion.  Mow i f  a c o l l e c t o r  of t he  type shorn i n  

Fig. IC i s  exposed t o  such a spray f o r  a reasombls t i m e  interval, 

a series of samples such as a r e  shown in Figo Id will be obtained, 

I n  t h i s  case the v e r t i c a l  height  of the sample in each tube i s  

proport ional  to =the l o c a l  mass f l o w  rate a t  a d i f f e r e n t  position 

within the  spray, In add i t ion ,  i f  %he injected f l u i d s  are i.miscible 

then they wtll, separate a f t e r  the sanple i s  obtained ( a s  ind ica ted  i n  

the  photographs) and it i s  possible t o  determine the r e l a t i v e  flow 

r a t e s  passing t h e  particular poin t  in the spray and hence obta in  a 

local mixture r a t i o .  

-4 great deal  o f  this kind 05 i n f o m a t i o n  was  obtained with the 

ear~on-te%rachloride-.a3ater s y s t e ~  and has been utilized to produce a 

c o r r e l a t i o n  of a quan t i ty  h, knom a s  a Wmixing f a c t o r " ,  and the 

gross dynamic properties of the  two j e t s  ( C S ,  ~ e f .  41,  his mixing 

factor is e s s e n t i a l l y  a summation of the mass-vkighted va lue  of t h e  

r a t i o  between the l o c a l  mass-fraction ratio and the  nominal mass- 

f r a c t i o n  ratio. It9s limits hawe been adjusted to v a l u e s  of 6 and 

PO0 and can be imagined t o  represent the p r c e n t a g e  of the t o t a l  

spray t h a t  has achieved t h e  nominal mixture ratio, 

it can be visualized as representing the degree to which the spray 

has achieved the intended mixture r a t i o ,  

In another sense 

Figure 2 shows the c o r r e l a t i o n  r e s u l t i n g  f r o m  this e f f o r t  which 

has been used as the basis for t h e  conclusion t h a t  (wi th in  " t h e  

limitations of the experiments) t h e  most uniform m i x t i r e  ratio 

d i s t r i b u t i o n  i s  achieved i n  the spray produced by a p a i r  of impinging 

streams when t h e  parameter 1/1 + fb1VP2D1/b2V22D2) = 0 - 5  or when I 
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the quant i ty  ( s ~ v ~ ~ I I ~ / ~ ~ v ~ ' D ~  = 11, 

known as the %nifoMnity c r i t e r i a " .  

 his l a t t e r  quan t i ty  has beeoriie 

If in addition to the uslral mixture ratio requirements it is 

absa required t h a t  the  element satisfy the u n i f ~ m i t y  c ~ i t e ~ % ~ i  then 

for any given propellant system the orifice diameter ratios and t h e  

jet veloc i ty  r a t i o  a r e  defined by ~ q s ,  (3) and (4) respect ively of 

Fig, 2. If it is f u r t h e r  asswe'd that  total flow rate €os: the  element 

is determined from other considerations, then Eq: (5) must also 

be satis€ied, &viorrsly then, the arbigrary choice 09: one ve loc i ty  

or one diameter will $e.termine a l l .  other  values .  

Eqs. ( 3 )  and (4) are satisfied when the element Will produce a spray 

having a near  uniform mixture-ratio distribution, Therefore within 

the i i E a t a t i o n s  3f the assumptions already discussed it is possible 

to predetermine the i n j e c t o r  geometry t h a t  5s required to produce a 

near uniform mixture-ratio d i s t r i b u t i o n .  

In any event 
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Then f o r  a particular flow rate 

Unfortunately no simple way of characterizing the mass d i s t r f -  

but ion of the spray prs&aced by an element has been devised, This 

tends to be p a r t i c u l a r l y  difficuit since these distributions tent3 ts 

be strong ~ U A C ~ ~ Q ~ I S  of *he geometry and dynamic properties of the 

j e t s  as w e l l  as the included angle between the j e t  ce 

ment angle), Thus, to date a t  h a s t ,  it has been necessary 
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to utilize experimental information, which hzs been obtained wik% an 

actual experimental inject532 element similar t o  the posed design 

as the bas is  f o r  a composite design. It should be n~%eQ that t h e  

geoflLgbbrIca1 properties of t'na sprays produced by a p a h  of je l ls  having 

similar geometry as w e l l  as similar dysamfc popexties tend to be qu i t e  

insens i t ive  t o  scale and absolute levels OS mass flow ra tes ,  'Thus it 

i s  possible to approximate the mass distributions of  a proposed 

element from other  data that  may be avai lable  ;eegog from the expert- 

mental records Q€ data used to @teterm~ne the mixing correlation), 

I-t can now be? seen t h a t  (aga in  w i t h i n  the ~~mitatisns of the 

previously s t a t e d  assumptions) these data provide a means OS obtaining, 

first, a near u n i f o m  mixture-ratio distribution of the i n j e c t e d  

propel lan ts ,  and secondly, a means of predic t ing  and eontrolling the  

axial-mass-f lowrate  distributions in a chamber of arbitrary cross 

section. 

sub jec t  t o  verification and the relative combustion effects are y e t  

to be evaluated, Therefore the significance of t h i s  approach is 

dependent upon a verificatisn of t h e  a p p l i c a b i l i t y  of t h e  data 

obtained w i t h  non-keactive f l u i d s  Po a c t u a l  C O ~ X I S ~ ~ Q ~  systems- 

1 

H Q V E W ~  the assump-kions upon which the method Is based are 

111. E L A T I N G  C P~~~~~ AND 
INJECT IOR PROPERTIES 

ne experimentaf c o x e l a t i o n  of ifijector (iae., C O B I ~ X S ~ Q T )  

perfcrmawce with t h e  presumed significant spray properties of mass 

d i s t r i b u t i o n  and mixtum-ratio d i s t r i b u t i o n  would r e q u i r e  the evaluation 

of very large quantity of experimhntal h a r d ~ ~ a r e  ciua to the i n t e r -  

dependence of these p rope r t i e s  on gross  mixture r a t i o  and i n j e c t o r  
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geometrye 

t o  a re13tiwely simple wciemonstrationm cf s igni f icance  ( o r  l a c k  of 

same) , 

Therefore the first test d the hypothesis was restricted 

I n  order fo minimize the amaunt o f  background mater ia l  %ha% 

would have to be generated and because an appreciable  a 

hardaware was already a v a i l a b l e  it was convenient t o  base this 

dewonstration,ugon the so-cal led "Corporal" P E O ~ U ~ S ~ O W  system, The 

injector f o r  t h i s  systea cons i s t s  of 52 p a i r s  of impinging unlike-on- 

unl ike j e t s  arranged as Shawn i n  Fig. 3 so as %a produce two concentric 

~ Q W S  of impingemen-& points which tend t o  concentrate  the injected 

f l u i d s  in aw annular sec t ion  of the  conn$ustf~n chadaer, Thcs, t h i s  

f n j e c t o r  (OF one similar -to it) shcru3.d provide a su i t ab le  comparison 

between a "concentaa%edw mass distribution and a more u n i f ~ m  

d i s t r i b u t i o n ,  In addition it seemed significant t h a t  t h i s  system had 

already undergone a r a t h e r  extensive development program without 

r e a l i z i n g  i t s  full p o t e n t i a l  so  t h a t  i f  a s u b s t a n t i a l  improvement 

resulted from t he  application of the hypothesis it could not  be 

considered a s  a complete coincidence, It i s  a l s o  t r u e  that the  liquid 

phase ~eacticns that a r e  ava i l ab le  w i t h  this system tend t o  minimize 

the  importance of droplet size d i s t r i b u t i o n s ,  

Thus it seemed that a significant demonstration could be achieved 

by comparing the prope r t i e s  of the original Corporal i n j e c t o r  w i t h  

s i m i l a r  designs which were based on the non-reactive data  and intended 

to produce (1) similar but nonuniform mass distributions having un i€mn 

mixture-rat io  d i s t r i b u t i o n  and (2) an i n j e c t o r  t h a t  was  presumed t o  

produce uniform mixture- ra t io  d i s t r i b u t i o n  and uniform mass d i s t r i -  

bution, 
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RESULTANT 
MOFAWTUM 

r = 2.13 

F Q e  3, Corporal Injector (5-360) 
of Orifice Geometry 
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The only disadvantage to this approach was that the optir;;ir;n 

mixture-ratio f o r  the Corporal i n j e c t o r  had been set  a% a value of 

2,P3 with a result ing performance l eve l  t h a t  is substantially lower 

than is possiiile at %he peak performance rrtixture r a t i o  of 2,8O0 Thus 

1% was f i r s t  necessary to obtain a comparison with a b n i f c m  mixture-  

ratio design based on a mixture-satis of 2,13 and then subsequently 

with a similar design based on 2,Etc). Since the changes in j e t  pro- 

peaties ( re la t ive  t o  the Comporal) rsp~iredi t~ produce these condi t ions 

a l s o  ZC?SUl&ed LA S changes in mass distribution, a first at-tmpt 

to evalua%e these l a t t er  effects c~Wis"ced ~f the eva lua t ion  ~f %WS 

additional injectors  which retained all of the element properties for 

the respectiwe in jec tors  but a e d ~ r ~ e d  the resultant  momentum a i m  sf 

each sleaent to the value achiewed by the Corpona3. a t  r = 2,1-3. This 

was accomplished by r o t a t i n g  the j e t  centerlines about the i~~~~~~~~~~ 

point;, In all other raspects the centerline geometry 0% these four  

injectors were s lar to the Corporal, Thus the several i n j e c t o r s  

to be Lficluded in ?h? dmorts%sation ca.r"a be s * m a r f z e d  as foil*-s: 

1, A Corporal injector 

pekfomance a t  a gross mixture-ratio sf 2,13, 

A n  injector  having Corporal cen$es%im geometry but 

modified by changing only the fue l  orifice diameter SQ 

2, 

mixture-ra t PO di s t r i b u t  ion a t  

r = 2,13, 

AS in (2) but with the element rotated about i t s  3. 

nt point in order to duplicate the Cospoxal 

resultant  ~~~~~~~~ line f o r  r = Z B 3 ,  
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4 o  As in (2) but designed for u n i f o r i d t y  at r = 2,8U 

(i.e., peak perf~rmance)~ 

As in (3 )  brat designed f o r  uniformity a t  r = 2080e 

An injector hawing the same number of elements and the 

' t r y  for  the ekemient: as used in (4) and (5) 

5. 

6.  

but with the resultant momentum angle equal to zero 

and the elements rearranged to produce a near mifo rm 

axial-mass-~l .ow-~ate distributfpn. 

'Fhe subsequent experi ntal program consistad essentially of the 

desigr,, fabrica$ion, hydraulic evaluat ion,  and peare'omeince! t e s t ing  of 

a series of injectors %ha% colrafo,..aead to the requirements l i s t e d  in the 

previous seetion, For the four Corporal-like injectors  the ce~tertine 

geometry was p~edete lc lra~i~~~i  and since the propellant system (i,ea, pro- 

pel laf i t  densities) ami design mixture-ratios were speeifieci, it was a 

refatbarely straight  forward procedure ta eessiplete those designs, 

order t o  reta in  as  

diameter was arbi trar i ly  assigned %he same waltne as used in the 

Corporal and since the weamber of elemnts was urnchaaged the jet 

In 

ch similarity as possible the ~ x i d i ~ e z  orifice 

valocPty for %he oxidizsr syst@m as also duplicated. As was already 

noted the remainifig proper*ies of the ifkjectsr are then detemiD@de. 

The significant design di nsions are arized in Table 10 

a t  this point that the 

significance of orifice 

the assumption that  the j e t s  are strrb%e, s e-krical, and reproducible 

e$m in these designs is predicated upon 
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(cf. af. 3) .  

requirements Qf Ref, 3, The results of incorporating these orifice 

mcpirement-s into a Co;rporai-iike injector are illusdrated i n  Figo 4 

which includes a photograph of one of  se Carporal-like injectQrs 

and a sketch of the or i f i ce  installation as well as the essential 

manifold compongnits. The hydraulic asaluakion of: t h e  i n j e c t c r  

Therefore the d e t a i l  o r i f i c e  designs con 

included an experhenta l  c k c k  of the hydrodynamic pr 

j e t  bath before and after i n s t a l l a  on Lntn  the i n fec to r ,  FOT' t h i s  

purpose t h e  jet symmetry and the centerline veloci ty  were evaluated 

with the flat plate dynamic head probe {cfm Ref,  6) and the flow r a t e  

was determined by d i r e c t  sampling and Wighingrn 

er t ies  of each 

The data obtained i n  t h i s  manner a f t e r  i n s t a l l a t i o n  of 

orifices in Injector  Hu*sr 3 are show, in figo 5 and are typical of 

a l l  the Corporal-like injectors* It can be seen t h a t  even though a 

r a t h e r  ex tens ive  development of  the  manifold had already been 

completed, the ind iv idua l  flow rates varied by as much as 5% and 'chat 

the ~ e n t ~ r l i ~ ~ - s t a g n a ~ ~ ~ ~ ~ p E ~ s s ~ ~ ~  ratio varied by nearly 1% from a 

mean value and that this value was a i % f o n a l l y  degraded due to 

manifold effects, Although 5.t was recognized t t hese  da ta  woufd 

not produce an optimum experiment, it was concluded that the . We- 

ment that had been achieved would warrant t he  pesfmmance evaluat ion 

and c m p a r i s m a  

I n  c o n t r a s t  t o  the designs of the Corporal-like i d e c t o r s ,  the 

i ~ ~ ~ ~ ~ e ~ ~ ~ t  point  l oca t ion  and eLerent o r i e n t a t i o n  €OR an optimum 

i n j e c t o r  design a r e  not  predetermined, However, i f  it can be assumed 

that a particular mass d i s t r i b u t i o n  can be specified then a procedure 

€or  def ining the  injector geometry may be surmmaaized a s  follows: 



NOTE 
e-0.33 FCR 
FIRST IODIA a= miFIcx 65R€ 





1, Determine the mass distribution ced by the required 

element. spraying non-reactive fluids e 

and propellant densikies  i f  possible,  

Construct a three dimensional analogue of the e l emer~ t~s  

axial-mass-flow r a t e  from a photographic negat ive wherein 

d e m i t y  is analogotls to mass-flow rateo 

Use  ac tua l  scale 

2. 

3, Prepare a camposike model from the appropriate number of 

such negatives SO as  to  produce the required distribution 

on a chamber sectionc 

~ ~ t i l i z e  the or i en ta t ion  of (33 to define the required 

o r i f i c e  and manifolding geometry, 

40  

This  is the procedure t h a t  was fol lowed in producing the final 

i n j e c t o r  of the series which was intended .@o produce nearly ur,iform 

axial-mass-flow-rate distribution as  well as uniform m i x t u r e - r a t i o  

distribution , 

The mass $ i s t r i b u t i o n  data were obtained with the carbon- 

tetrachloride - H2Q system, which nearly d u p l i c a t e s  the physical 

properties of the ac id -an i l ine  system. The element had the same 

geometry as had bees? defined f o r  Injectors 3 and 4 in order to r e t a i n  

similarity with the Corporal-like injectors ,  except for element 

t i a n  was used to construct t h e  analogue shown 

i n  Fig, 6 which i l l u s t r a t e s  the mass flow rate dists i ' lut ion obtained 

on a plane lacated six inches from the impingement poin t ,  

obtained by sett ing the spray boundary a t  an iso-mass-rate line equal 

to 1.0% of the sllaximum and div iding  the  remaining range i n t o  IE eq.ual 

~ACZWDIE?FL~S,  Obviously, the mass distribution produced by this element 

It was 
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i s  f a r  from uniformo and f u r t h e r ,  has only one axis  of symetxye As 

w i l l  be seen, this Patter effect can also infliience element o r i e n t a t i o n ,  

- 0.57 4 
om 
- -  PLANE Of JET CENTER LIMES 

OXID,IZER [ 

IEWED ALONG RESULTANT 
MOMENTUM LfNE 

Fig. 6, Three-Dimensional Analogue of Mass Distribution 
Produced by a Pair of Impinging Streams 

Noting t h a t  the  plane dimensions of such an analogue are  a 

function of %he dis tance  from the impingement point andp hemeS t h a t  

f o r  a given e h m e n t - f l o ~  ra-te t h e  l o c a l  values must also be propor- 

t i o n a l  to the  distance from t h e  impingement point, introduces the 

necessity for establishing a %ioclel plane" f o r  which t h e  composite 

d i s t r i b u t i o n  i s  t o  be evaluated. For the pruposss of t h i s  experiment, 

it was assumed t h a t  a11 spray  p a r t i c l e s  emanated radially from t h e  

impingement point,  and that  the distance $Q the model plane would be 

sufficient t o  produce a spray cross-sectional a m a  equal  to an 

el@~t&% proportiorkate share of the chamber cross section, once 
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t h i s  distance [hence area) had been established, t P . 9  mass-distribution 

analogue was sca led  do Pi’k appZOp3?ia%e amoUAt and 52 COph?S 

obtained. 

metrLcal considerations to e s t a b l i s h  am arrange 

These analogues were %hen used in conjunction w i t h  geo- 

Rt that would 

mass distribution. Actually,  it was nscessasy 

ise a best possible airrang t, in order to 

resolve the fabrication pzoble s o  The f i n a l  d i s t r ibu t ion  p a t t e r n  is 

in Figs 7, e m  it can be seen that  even %hougla the elements 

tend to be azranged in rowso the fue l  and oxldizer orifice pcsitions 

are transposed in adjacent rows. For comparative purposes, a si 

mode1 based on the impingement point Locations of t h e  Corporal-lfke 

fnjectffrs is S h O ~  in Fig. 8.  

The f i n a l  ;En,jec.P;os: design used a aliffexent srifiee geometry t han  

had been utilized for the Gorpora%-like injectors in ~ r d e r  to achieve 

the re d s*ream properties n a t h g  the? isrfluences of the 

nifoldm This was accomplished t h o u g h  the use ob precision bore 

tzbing in PO0 L/D lengths f e r  tifie ssiffcas aad SquaP-pzessGze-dZogJ 

f l e x  l i n e s  (a set per propellant) P;Q j o i n  th SQ orifices to the 

anifold, The physical resu l t  of this ar~zagement is shorn in Figo 9, 



MOOEL PLANE COCATED 1.59 in. BEYOND 
IMPINGEWENT POINT PLANE 

.5 in. 

52 ELEMENTS 

Df/O,, = 0.57 
Vf v,, = 1.59 
s f / s t a  = 0.69 

r = 2.80 ; a =oo 

TO SIMIJL&T€- 
CORPORCL PROPELLANTS 
20,000 ib5 THRUST 
NOW. Pc = 300 psi0 

Fig, 7. Composite Model of Near-Uniform Distribution 
Obtained with a 52 Element I n j e c t o r  
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MODEL PLANE LOCATED I59 in. BEYOND 
IMPINGEMENT PQINT PLANE I 

CHAMBER 
BOUNDARY D = 11.5in. -7 

I 52 ELEMENTS 

I Df/Dox = 0.57 
= 1.59 

$f/So, = 0.69 j = 2.80;  Baoo 
I 

i 

TO SIMULATE- 

CORPORAL PROPELLANTS 
20,000 Ibs THRUST 
NOM. Pc : 300 psro 

F i g ,  8 ,  Composite Mode1 of Mass Distribution 
Produced by a Corporal-Like Injector 
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value i s  actual ly  somewhat lower than the peak value (at a different P) 

obtained w i t h  i n j e c t o r s  1 and 2 was not expected. 

change i n  perfomance assoc ia ted  w i t h  t he  change i n  resultant 

~ ~ ~ n ~ u ~  angle consistent with t h a t  obtained with 1 and 2, HOWSV~T~ 

all of these di f fe rences  a r e  small enough so t h a t  it is d5fficul-k to 

attribute them to the  effects of any one parameterB It doesg howewea, 

seem quite clear that i n j e c t o r s  3 and 4 do achfewe peak j p 6 3 r f ~ ~ ~ ~ ~ 1 c e  a t  

or near peak-performance mixture r a t i o  and? i n  addi t ion ,  tend. t o  be 

q u i t e  i n s e n s i t i v e  t o  changes i n  mixture r a t i o ,  

N o r  is %he small 

r y  of t h e  performance c h a r a c t e r i s t i c s  i s  presented in 

Table 2 which compares the peak performance walues f o r  the several 

injectox-s a g a i n s t  the peak t h e o r e t i c a l  valuesB It i s  to be noted t h a t  

only i n j e c t o r s  3, 4,  and 5 produced t he i r  peak performance a t  the  

design mixture r a t i o  and i n  p a r t i c u l a r  that injector 5 achieved a 

perf-omance l e v e l  that i s  s i g n i f i c a n t l y  h igher  (i0ee9 2 - 4% I , ~  and 

3 - 5% c*) than any of the  sther i n j e c t o r s .  

Therefore, insofar as the i n f o m a t i o n  prod~ced by a d e ~ i ~ n s t r a t i o n  

u t i l i z i n g  a single propellant sys%em is con~ernedi, it may be c ~ ~ ~ l u d e d  

t h a t :  

1. The non-reactive proper t ies  of sprays can be u t i l i z e d  t o  

predict and con t ro l  mass and mixture- ra t io  d i s t r i b u t i ~ n s  
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= mixing f ac to r  (see fief. 3 for definition), 

b = weigh% density,  lb/ft3. 

V = mean velocity# ft/sec. 

D = diameter, in. 

1 = weight rate sf flow, 1b/sec. 

r = mixture r a t i o  = ‘ w ~ J w ~  = ~ d ~ l -  
p = total s t agna t ion  p~essuse~ p s l .  

pc = centerline stagsation pressure producer wI 

uniform velocity pro f i l e .  

h jet hav .ng a 

%Ic eff = i sentsopk stagnat ion pressure of combustion chZimberp psia.. 

fe = exhaust nozzle throat area,  

g = gravitational constanto 

F = thrust, lbSd 

E = nozzle expansion ratio 

B = angle between resultant momentum line and chamber a x i s  

roughness factoro 

a i  design E. 

Subscripts 

ox = oxid izer ,  

f = fuel. 

1 = f i rs t  component of system to sinulate . fueld 

2 = second component of system to simulate. oxid izer .  

T = t o t a l ,  

avg = averageo 

k = c e n t e r l i n e  

c = chamber. 
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t = throat, 

Q = atmospheric QE reference, 

nom = nominal. 

eff = effective* 
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